Terahertz time-domain spectroscopy has been used to investigate terahertz conductivity and dielectric response of indium nitride ͑InN͒ nanorod array and epitaxial film. The complex terahertz conductivity of InN film is well fitted by the Drude model, while the negative imaginary conductivity of the InN nanorods can be described by using the Drude-Smith model. The electron mobility of the InN film is 1217± 58 cm 2 / V s, while that of the InN nanorods is 80± 5 cm 2 / V s. The reduced mobility of carriers for the latter can be attributed to the restricted carrier transport within the nanorods. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2800292͔ Indium nitride ͑InN͒ is an interesting and potentially important semiconductor material with superior electronic transport properties over other group-III nitrides. 1 Recently, low-dimensional InN nanomaterials in the forms of nanowires, nanorods, nanotubes, etc., have received great attention due to their potential in near-infrared optoelectronics and photovoltaic applications. The discovery of the intrinsic narrow bandgap and remarkably large gap between the conduction band minimum and the next local minimum of InN also inspires potential applications in the terahertz range, for example, as an efficient terahertz emitter/detector.
To realize the prospect of terahertz applications, it is essential to understand fundamental terahertz properties of InN. To date, relatively few studies have explored InN and even fewer are reported for low-dimensional InN nanostructures. In this letter, we report the frequency-dependent complex terahertz conductivities and dielectric responses of the InN epilayer and vertically aligned InN nanorods measured by terahertz time-domain spectroscopy ͑TDS͒. Using the Drude model for carrier conduction, the key parameters that determine the free carrier dynamics of the InN film are extracted. Those parameters for the InN nanorods, however, are best fitted by applying a modified Drude model, which includes the scattering effect of electrons along the boundary of nanorods.
For this work, a wurtzite InN epitaxial film and vertically aligned InN nanorod array were grown on Si͑111͒ substrates by plasma-assisted molecular beam epitaxy ͑PAMBE͒. To relax the heterointerface lattice mismatch, the InN epilayer was grown on Si͑111͒ using the epitaxial AlN / ␤-Si 3 N 4 double-buffer layer technique and details of the growth procedure can be found elsewhere. 2 The InN nanorods were grown at 330°C on ␤-Si 3 N 4 /Si͑111͒ without the AlN buffer layer. Field-emission scanning electron microscopy ͑FE-SEM͒ images of the hexagonal shaped nanorods show that InN nanorods have a uniform diameter of ϳ130 nm with an average aspect ratio ͑height/diameter͒ of ϳ6 and have an aerial density of ϳ5 ϫ 10 9 cm −2 . The thicknesses of the InN epilayer and nanorods are about 1.0 and 0.75 m, respectively. The terahertz-TDS system is based on low-temperature-grown GaAs photoconductive dipole antennas excited and probed by a Ti:sapphire laser at a repetition rate of 82 MHz. Transmission of the terahertz signal is measured at normal incidence. The details of the apparatus has been described previously. 3 The carrier density and mobility of the InN epitaxial film have been measured in separate room-temperature electron Hall measurements for comparison.
In terahertz-TDS analysis, measured time-domain terahertz waveforms from InN film, InN nanorods, and Si͑111͒ substrates are Fourier transformed, and then the frequencydependent dielectric constants of the InN samples are calculated from the spectral amplitude and phase difference between the samples and the substrate. Figure 1͑a͒ shows the observed real ͑solid circles͒ and imaginary ͑open circles͒ parts of the frequency-dependent refractive index ͑ñ = n + ik͒ of the InN film. Both n and k decrease monotonically with increasing frequency. The complex dielectric constant is defined as
2 , where 0 is the permittivity of free space, ͑͒ is the complex conductivity, and the dielectric constant ϱ is 6.7 for InN. 4 Using the above relationship for InN, we find the real part of conductivity, Re͓͔ decreases as the frequency increases, while Im͓͔ increases slowly ͓see Fig. 1͑b͔͒ . This frequency dependence is typically observed for Drude-like materials below the plasma frequency. We, thus, fit the measured complex refractive index and conductivity in Fig. 1 using the simple Drude model, 5 in which the complex conductivity is defined by ͑͒ = 0 p 2 0 / ͑1−i 0 ͒; p 2 = Ne 2 / ͑m * 0 ͒ is the plasma frequency and 0 is the carrier scattering time. For the InN film, it was determined that p /2 = 52± 1.2 THz and 0 = 52± 2.5 fs. Assuming an electron effective mass m * = 0.075m 0 for the InN film, 4 Table I .
Since the InN nanorod film is consisted of loosely packed InN nanorods and air, the physical parameters directly measured from the data of time-domain terahertz waveforms contain the contributions from both the air and the pure InN nanorods. To obtain the physical parameters of the pure InN nanorods, a simple effective medium approximation ͑EMA͒, 6 eff ͑͒ = f m ͑͒ + ͑1− f͒ h , was employed, where the filling factor f ϳ 0.7 is obtained from the SEM image shown as an inset in Fig. 2͑a͒ , and m ͑͒ and h are the dielectric constants of the pure InN nanorods and the host medium ͑air͒ respectively. Figures 2͑a͒ and 2͑b͒ illustrate frequency-dependent refractive index and conductivity of the pure InN nanorods extracted under EMA, respectively. The trend of monotonic decrease of the complex refractive index of the nanorods is similar to the case of InN film. The complex conductivity response of the nanorods, however, is different from that of InN film. Re͓͔ gradually increases with increasing frequency, while Im͓͔ with a negative value decreases with increasing frequency. This frequency dependence cannot be explained by the simple Drude model, in which the frequency-dependent conductivity has a maximum at zero frequency and monotonically decreases with frequency. Recently, Smith proposed a modified Drude model ͑Drude-Smith model͒, 7 which has been used in the interpretation of the negative Im͓͔ observed in nanostructures. 8, 9 The complex conductivity in the Drude-Smith model is given by
where c j is a parameter describing fraction of the electron's original velocity after some number j of scattering events. In practice, we take only the first term in c j ͓c 1 = c͔ and then c varies between −1 and 0, corresponding to Drude conductivity for c = 0 and complete backscattering for c = −1.
Using the Drude-Smith model, an excellent fit of complex conductivity of the InN nanorods is obtained with the fit parameters c = −0.65± 0.01, 0 = 13± 0.2 fs, and p /2 = 199± 3 THz. These are shown in Fig. 2 . Here, a large negative value of c = −0.65 for InN nanorods reflects that the localized electrons may experience a preferential backward scattering due to electron scatting from defects in InN nanorods caused by the increased structural disorders 10 or a Coulombic restoring force from charged defects. 11 In the Drude-Smith model, the electron mobility is given by m = ͑1+c͒͑e 0 / m * ͒, which requires the exact value of the effective mass m * of the InN nanorods. However, up to now no reasonable value of m * of the pure InN nanorod is available in the literature. Recently, we have shown that vertically aligned InN nanorod arrays grown on silicon by PAMBE possess the crystal properties similar to wurtzite InN single crystal.
10,12 Therefore, we assume that N versus m * relation of the InN nanorods follows that of InN single crystal. Table I . 14 and the conduction band nonparabolicity due to the k · p interaction across the narrow direct gap between the conduction band and valence band in InN. 15 The reduced dc conductivity in the Drude-Smith model is given by ͑ =0͒ = ͑1+c͒͑eN͒. Therefore, a large negative value of c implies that electron backscattering occurs at the boundaries and surfaces of nanostructures and consequently suppresses dc conductivity. The value of c = −0.65 obtained for InN nanorods reflects that the degree of backscattering of electrons increases due to the confinement of carriers inside a cylindrical nanorod. Despite the InN nanorods are vertically well aligned, they are quite disordered in lateral alignment. The separation between the InN nanorods can be of the order of the nanorod lateral size ͓see the inset in Fig. 2͑a͔͒ . Therefore, inter-rod transport due to the electronic coupling between isolated nanorods may be prohibited. Consequently, the observed reduce mobility of the InN nanorods could be attributed to the intra-rod transport of electrons within the nanorods.
To be more quantitative, we calculate the electron mean free path ͑MFP͒ at room temperature ͑T ϳ 300 K͒. Given a thermal velocity of ϳ1.2ϫ 10 5 m / s, the measured scattering time of 13 fs for the InN nanorods results in the MFP of ϳ2 nm, which is much smaller than the average nanorod radius of 65 nm. We, thus, expect that carriers would undergo Drude-like scattering ͑c =0͒ as well as backscattering ͑c =−1͒ within the nanorods. This can be understood from the value of c = −0.65, which is considerably larger than that of small size ͑of the order of nm͒ nanostructures with c Ϸ −1. 8, 9 In summary, we have investigated physical parameters of the InN film and the InN nanorods using terahertz-TDS. The complex terahertz conductivity of InN film is well fitted by the Drude model, while the negative imaginary conductivity of InN nanorods can be described by using the DrudeSmith model. The electron mobility of the InN film is 1217± 58 cm 2 / V s, while that of the InN nanorods is 80± 5 cm 2 / V s. The drastically reduced electric mobility of the InN nanorods compared to that of the InN film is due to the suppressed inter-rod transport of electrons.
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